The development of kidney disease is influenced by both genetic and environmental factors. Searching for models of glomerulopathy that display strong gene-environment interaction, we examined the determinants of anthracycline-induced nephropathy, a classic, strain-dependent experimental model applied to rodents in the past four decades. We produced three crosses derived from mice with contrasting susceptibility to doxorubicin (DOX) nephropathy and, surprisingly, we found that this widely studied model segregates as a single-gene defect with recessive inheritance. By genome-wide analysis of linkage, we mapped the trait locus to chromosome 16A1-B1 (DOXNPH locus) in all three crosses [peak logarithm of odds (lod) score of 92.7, P ‫؍‬ 1 ؋ 10 ؊65 ]; this interval represents a susceptibility locus for nephropathy. Gene expression analysis indicated that susceptibility alleles at the DOXNPH locus are associated with blunted expression of protein arginine methyltransferase 7 (Prmt7) on chromosome 8, a protein previously implicated in cellular sensitivity to chemotherapeutic agents (lod ‫؍‬ 12.4, P ‫؍‬ 0.0001). Therefore, Prmt7 expression serves as a molecular marker for susceptibility to DOX nephropathy. Finally, increased variation in the severity of kidney disease among affected mice motivated a second genome-wide search, identifying a locus on chromosome 9 that influences the severity and progression of nephropathy (DOXmod, peak lod score 4.3, P ‫؍‬ 0.0018). These data provide genetic and molecular characterization of a previously unrecognized Mendelian trait. Elucidation of DOX nephropathy may simultaneously provide insight into the pathogenesis of renal failure and mechanisms of cytotoxicity induced by chemotherapeutic agents.
D
iseases of the glomerulus, the filtration unit of the kidney, constitute a major cause of nephropathy and end-stage renal failure worldwide (1) . Glomerulopathies have complex determination, encompassing idiopathic diseases, hereditary syndromes, or secondary disorders that develop consequent to systemic illness, exposure to infectious agents, or xenobiotics (1) . Recently, genetic studies in humans and animal models have begun to clarify the pathogenesis of glomerulopathies, implicating defects in proteins that are predominantly expressed by the glomerular visceral epithelial cells, the podocytes (2, 3) . Glomerular podocytes are essential to the integrity of the glomerular filtration barrier: genetic or acquired defects in these cells cause the nephrotic syndrome, a common cause of end-stage renal failure characterized by fusion of podocyte foot processes and clinically associated with the development of massive proteinuria and glomerulosclerosis (2, 3) .
The occurrence of podocyte injury and nephropathy varies considerably among individuals exposed to the same systemic illness (e.g., diabetes) or environmental triggers (e.g., lithium or HIV infection). These observations are recapitulated by many experimental models of disease, where the development of podocyte injury due to toxins or immune stimuli depends on the use of specific strains or species (4) . These data, together with the finding of increased familial aggregation in humans (5) , suggest that genetic predisposition is an important requirement for expression of secondary nephropathies. Genetic and environmental components can be best studied in animal models, where they can be more easily controlled and distinguished. Hence, to investigate the pathogenesis of glomerular diseases, we revisited classic experimental models that exhibit strain dependence and would therefore be amenable to genetic analysis.
Among these models, nephropathy induced by anthracycline antibiotics such as daunorubicin or doxorubicin stands out because it has been the prototypical experimental model of primary focal segmental glomerulosclerosis, one of the major causes of end-stage renal failure (6) (7) (8) (9) (10) (11) . First described in 1970, anthracycline-mediated nephropathy has been applied in Ͼ400 studies cited in Medline (4, 6) . Because it is reproducible and enables precise timing of the onset of renal injury, this model has been widely used to dissect the mechanisms that promote initiation and progression of nephropathy and test the efficacy of various therapies in preventing the deterioration of renal function (4, 6) . This trait is relevant to investigations of glomerulopathies because numerous studies indicate that glomerular podocytes are the site of the initial insult in this model (6) (7) (8) (9) (10) (11) . Moreover, rare cases of proteinuria and nephropathy have been reported in association with anthracycline therapy in humans, suggesting that the susceptibility observed in some rodent strains has a human counterpart (12, 13) .
In susceptible strains of rats and mice, a single i.v. injection of an anthracycline produces proteinuria and progressive renal disease within 5-7 days of exposure; histopathologically, animals exhibit early podocyte foot process fusion, followed by the development of typical lesions of focal segmental glomerulosclerosis, and progressive global sclerosis and interstitial fibrosis (6) (7) (8) (9) (10) (11) . Direct exposure of the kidneys to anthracyclines during i.v. administration is a requirement for the development of nephropathy, suggesting that this trait is independent of extrarenal drug metabolism (7, 14) . Although many mechanisms have been suggested, the primary determinants of renal injury in anthracycline nephropathy have not been identified (4, 15, 16) . Thus, elucidation of this trait may provide insight into pathways mediating podocyte injury and nephropathy. Moreover, this model has the advantage of allowing simultaneous investigation into the mechanisms of cytotoxicity mediated by anthracyclines.
We took advantage of contrasting susceptibility to doxorubicin (Adriamycin, DOX) nephropathy between mouse strains to produce segregating crosses that can identify loci imparting susceptibility to this trait (11) . Herein, we demonstrate that genetic analysis of this old model constitutes a powerful approach for gaining insight into the pathogenesis of end-stage renal failure and understanding defense pathways against xenobiotics.
Materials and Methods
Animal Breeding. We purchased the following 6-to 8-week-old mice from Jackson Laboratories: BALB͞cJ, C57BL6͞J, FVB͞ NJ, 129͞SvJ, and CAST͞EiJ mice (BALB, B6, FVB, 129, and CAST hereafter). F 1 hybrids were produced by intercrossing the parent strains. We produced two backcrosses [(BALB ϫ B6) F 1 ϫ BALB] and [(BALB ϫ FVB) F 1 ϫ BALB] and one intercross [(BALB ϫ B6) F 1 ϫ (BALB ϫ 129) F 1 ]. DOX nephropathy was produced by injecting DOX 10 mg͞kg by tail vein at 8 weeks of age. We tested 8-20 mice (equal number of males and females) from each inbred strain and F 1 hybrid; two saline injected animals matched for strain served as the control. Fifteen days after DOX injection, animals were killed for histologic analysis of kidneys, spontaneously voided urine was collected for urinalysis, and blood was collected by cardiac puncture for determination of blood urea nitrogen (BUN). Animals that were moribund were killed before the 15-day end point. The protocol was approved by the Institutional Animal Care and Use Committee at Columbia University.
Phenotypic Characterization. Proteinuria was measured by spot urine dipsticks (Roche Diagnostics), which quantitated levels as 0, 0.5 (trace), 1ϩ, 2ϩ, and 3ϩ. Normal range in saline-treated mice was 0-2ϩ. Kidneys sections were stained with hematoxylin͞eosin and periodic acid͞Schiff reagent. Renal histology was scored independently by two investigators (A.G.G. and K.A.F.) blinded to genetic background and genotype; discrepancies between scores were resolved by a third expert pathologist (V.D.D.). On each slide, we examined at least 100 glomeruli and scored four traits: glomerular injury, tubular cyst͞cast formation, podocyte hyperplasia, and interstitial inflammation. We used the following semiquantitative scale: 0, no disease; 1, 1-25%; 2, 26-50%; 3, 51-75%; and 4, 76-100% of tissue affected. In our first genome screen, we applied dichotomous criteria to define affection status: mice with at least 3ϩ proteinuria and histologic evidence of Ն5% glomerulosclerosis at the time of death were classified as affected. Mice with Ͻ3ϩ proteinuria and normal histology were classified as unaffected. Application of these phenotypic criteria yielded a clear dichotomous distribution in the backcross, distinguishing affected from unaffected mice. Of 312 backcross mice bred, only four fell into an indeterminate category. Because indeterminate results may have been due to a suboptimal DOX injection, these four mice were not used in genetic analyses. In the second genome screen to search for modifier loci, we used the numerical average of the four histology scores (total histology score) and BUN as primary phenotypes for QTL mapping (see below). Phenotypic data were adjusted for the interval spanning DOX injection and the day of killing (computation of residuals). This adjustment was necessary because some animals died before the 15-day end point or were killed early to avoid pain and distress (range 9-15 days), reducing the time interval separating DOX injection to killing date and, therefore, providing less opportunity for disease progression.
Genotyping and Analysis of Linkage. Genotyping was performed by using informative microsatellite markers distributed across the mouse genome; fluorescent primers were used to direct PCR from genomic DNA, and products were analyzed on a capillary sequencer. Marker positions were obtained from the Broad Institute, Mouse Genome Informatics (The Jackson Laboratory), and National Center for Biotechnology Information web sites and the Mouse single-nucleotide polymorphism (SNP) database (http:͞͞mousesnp.roche.com).
We conducted a first genome-wide screen with 62 informative markers to detect the major DOX nephropathy susceptibility locus. To search for this Mendelian locus, we applied the dichotomous, affection status criteria described above. For linkage analysis, we followed homozygosity for BALB alleles at each marker among affected and unaffected mice and calculated P values from Fisher's exact tests; pairwise logarithm of odds (lod) scores were manually calculated by counting recombinants and confirmed by using the Map Manager QTX program (17) .
A second genome-wide screen with 112 informative markers was conducted to detect QTLs that modify the severity of disease in affected animals. For this second genome screen, primary phenotypes included BUN and the total renal histology score as quantitative traits. Pairwise and multipoint lod scores and the proportion of the variance of each trait explained by each trait locus were calculated by using Map Manager QTX under an additive model. Additional genotyping was performed for intervals that showed lod scores of Ն1; thus, we typed a total of 134 informative markers in this second screen. Traditional thresholds for significance in the backcross were used (lod score Ͼ 3.3) (18) . We also conducted permutation tests in which the observed sets of phenotypes for each animal were randomized on the genotypes; 10,000 replicates were performed to determine the empirical significance of the linkage findings. In secondary analyses, we performed composite interval mapping and twolocus interaction analyses in an attempt to detect additional trait loci.
Microarray Analysis. We used the Affymetrix 430A array to analyze gene expression in whole kidneys from the B6 and BALB mice: three DOX-treated mice of each strain were compared with two saline-treated counterparts (two-way factorial design, total of 10 arrays). Kidneys were profiled 3 days after DOX injection (before development of proteinuria and any histological changes in BALB mice) to ensure that observed differences were not attributable to proteinuria or tissue sclerosis. Sample preparation, labeling, and hybridization were performed according to Affymetrix-recommended procedures (www.affymetrix-.com). Gene expression data were compared by two-way analysis of variance by using the R statistical language, specifically searching for differentially expressed genes that demonstrate interaction between strain and DOX treatment.
Measurement of Gene Expression by Real-Time PCR.
Total kidney RNA was extracted by using TRIzol reagent (Invitrogen) and further purified by using the RNeasy Mini Kit with the RNaseFree DNase Set (Qiagen, Valencia, CA), and cDNA was generated with the Omniscript kit (Qiagen). We quantitated gene expression in triplicate by real-time PCR on a Bio-Rad MyiQ Thermal Cycler with SYBR Green (Bio-Rad) reagent. Primer sequences were as follows: Prmt7-sense TTGCGGTGACTGC-GAAGG, Prmt7-antisense: GAGGCTTGGAGAGGCTTCTG; syndecan4-sense GTATCCATGTCCAGCACTG, syndecan4-antisense ATGCGTAGAACTCATTGGTG; ␤-actin-sense: CACCACACCTTCTACAATGA, ␤-actin-antisense: AGCCT-GGATGGCTACGTACAC. We generated standard curves by using serial 10-fold dilutions of kidney cDNA to measure amplification efficiencies and calculate the starting amounts of target gene and ␤-actin transcript in test samples. Calculation of gene expression level was performed by using both the standard curve and the ⌬⌬Ct methods; these methods gave similar results because reaction efficiencies were equal between target genes and ␤-actin. Target gene expression, normalized to ␤-actin expression, is reported as fold change over the same salinetreated B6 kidney sample that was included in each run. Gene expression in time course experiments was analyzed by global ANOVA, followed by post hoc comparisons between strains and time points (Dunnett's C test). We also used Prmt7 gene expression as a quantitative phenotype for analysis among a subset of backcross mice for which both genotyping data and gene expression data were available.
In Situ Hybridization. In situ hybridization was performed as previously described in developing (embryonic day 15.5) and adult kidneys by using digoxigenin-labeled riboprobes (19) . cDNA encoding a fragment from mouse Prmt7 (GenBank entry no. AY673972, position 95-1395) was amplified by PCR and cloned into pBluescript KS (ϩ) by directional cloning with linkers. The resulting plasmid was linearized with SacI, and T3 was used to produce riboprobes, which were subsequently fragmented by alkaline hydrolysis.
Results

DOX Nephropathy Is a Mendelian Trait That Maps to Chromosome
16A1-B1. We first tested five inbred strains for susceptibility to DOX nephropathy. BALB and 129 mice demonstrate severe susceptibility with the onset of proteinuria (3ϩ) Ϸ5 days after injection and progression to significant glomerulosclerosis within 14 days of injections ( Figs. 1 and 2 ), similar to previous descriptions in BALB (11) . DOX injury was specific to the kidneys because these susceptible strains showed no histologic evidence of tissue injury in the lungs, livers, or hearts in the tested interval. In contrast, B6, FVB, and CAST mice are completely resistant to DOX nephropathy with renal histology and proteinuria indistinguishable from saline-treated controls (Figs. 1 and 2); these protected strains did not demonstrate any evidence of renal injury when examined up to 8 weeks after injection. Presented with these clear contrasting phenotypes, we produced F 1 hybrids by breeding the susceptible BALB to the resistant B6 strain to study the dominance pattern. Similar to B6, (BALB ϫ B6) F 1 hybrids were completely resistant to DOX nephropathy ( Fig. 2 c and d) . These data suggested that BALB alleles are recessive to B6 alleles and that a (BALB ϫ B6) F 1 ϫ BALB backcross would enable the estimation of the number of BALB loci contributing to the trait. We therefore generated 308 (BALB ϫ B6) F 1 ϫ BALB backcross mice and tested them for the development of DOX nephropathy. To our surprise, we found that 157 backcross mice (50.9%) were affected, developing 3ϩ proteinuria and at least 5% glomerulosclerosis with tubular casts. In contrast, the remaining backcross mice were phenotypically indistinguishable from saline-treated controls (Fig. 2 e and  f ) . This bimodal distribution conforms to expectations under autosomal recessive inheritance of a single gene and suggests that DOX susceptibility in mice is a Mendelian trait.
To map this putative Mendelian locus, we performed a genome-wide scan in 42 backcross mice (31 affected and 11 unaffected) by using 62 informative markers distributed across the mouse genome. Linkage was initially detected based on strong departure from the null distribution at D16Mit154, on the telomeric portion of chromosome 16, with homozygosity for BALB alleles in 29 of 31 affected mice but none of the unaffected mice. Additional genotyping confirmed linkage to the 26-centimorgan interval between D16mit154 and D16Mit157 in these mice (lod score ϭ 9.2, Fisher exact P value Ͻ 1 ϫ 10 Ϫ5 ). We found no evidence of linkage elsewhere in the genome, with the next highest lod score observed of 0.9 at D12Mit28. We further genotyped 15 loci in the interval and identified five informative markers. Genotyping of informative markers in all 308 (BALB ϫ B6) F 1 ϫ BALB backcross mice confirmed the initial localization of the DOX nephropathy gene, yielding a peak lod score of 92.7 (P ϭ 7.2 ϫ 10 Ϫ69 ) on chromosome 16A1-B1 (Fig. 3a and Table 1 , which is published as supporting information on the PNAS web site). These data are robust to quantitative analysis of the DOX nephropathy phenotype: analyzed as quantitative traits, the renal histology score and proteinuria yield lod scores of 153 and 170, respectively, at this interval, accounting for Ϸ50% of the variance in each phenotype. These linkage data confirm that susceptibility to DOX nephropathy in the mouse is a Mendelian trait with recessive inheritance; we have named this chromosome 16 locus DOX-NPH. Analysis of haplotypes in recombinant mice refined the linkage to the Ϸ14-Mb interval between D16Mit165 and rs4166191 (Fig. 2a) .
We next produced additional crosses to determine whether resistance or susceptibility in other tested strains were attributable to variation at the DOXNPH locus. If the resistant phenotype in FVB is also due to resistance alleles at the DOXNPH locus, crosses between BALB and FVB should demonstrate linkage to DOXNPH. We therefore used the FVB as the counterstrain to generate a (BALB ϫ FVB) F 1 ϫ BALB backcross. This cross also demonstrated a bimodal distribution in phenotype, with inheritance of FVB alleles at the DOXNPH interval providing protection from DOX nephropathy (lod ϭ 5.4, P ϭ 2 ϫ 10 Ϫ5 ; Figs. 2 e and f and 3b ). These data demonstrate that protection from DOX nephropathy in both FVB and B6 strains are due to resistance alleles at the DOXNPH locus.
We next performed a complementation test to determine whether the susceptible 129 strain shares the same susceptibility gene(s) as BALB. We therefore produced (BALB ϫ 129) F 1 hybrids: these mice are expected to develop DOX nephropathy if parental strains share the same susceptibility loci or, alternatively, demonstrate resistance if susceptibility loci differ between the parents. We found that (BALB ϫ 129) F 1 hybrids develop DOX nephropathy similar to the BALB and 129 strains ( Fig. 2  c and d) , providing evidence for noncomplementation and shared susceptibility gene(s) between parental strains. We next confirmed linkage to the DOXNPH in the 129 strain by using an intercross between the susceptible (BALB ϫ 129) F 1 and the resistant (BALB ϫ B6) F 1 hybrids (Fig. 2 e and f ) . As predicted by the phenotype of the (BALB ϫ 129) F 1 hybrid, we again observed Mendelian distribution of the trait; linkage confirmed that the BALB͞BALB and BALB͞129 genotypes at the DOX-NPH locus confer susceptibility to DOX nephropathy (lod ϭ 11.4, Fisher exact P ϭ 3 ϫ 10 Ϫ11 ; Fig. 3b ). Together, these data provide unequivocal evidence of linkage at the DOXNPH locus in the BALB and 129 strains and demonstrate that the trait is likely to be genetically homogeneous for these two susceptible strains.
DOXNPH Alleles Predict Expression of Prmt7 in DOX Nephropathy.
To gain better insight into molecular pathways characterizing genetic susceptibility to DOX nephropathy, we performed gene expression analysis of whole mouse kidneys in mice with contrasting susceptibility. We found 15 genes with significant evidence of interaction between strain and DOX treatment ( Table  2 , which is published as supporting information on the PNAS web site), but none of these genes localize to our linkage intervals. However, we further characterized one of these genes, protein arginine methyltransferase 7 (Prmt7, located on chromosome 8) because it had been identified in genetic screens for susceptibility to chemotherapeutic cytotoxicity and might therefore participate in the pathogenesis of disease upstream or downstream from the DOXNPH gene (20) . In developing kidneys (embryonic day 15.5), Prmt7 expression is confined to the nephrogenic zone in the cortical region, where the tips of the ureteric bud induce de novo formation of epithelia in the metanephric mesenchyme and early glomeruli (Fig. 5 , which is published as supporting information on the PNAS web site). Prmt7 expression was Ϸ8-fold lower in adult kidneys, resulting in suboptimal staining by in situ hybridization; therefore, we quantified Prmt7 expression in the adult by real-time PCR. Time course experiments show that Prmt7 expression is up-regulated in B6 after DOX exposure but remains unchanged in BALB ( Fig. 4a ; ANOVA P ϭ 0.0001, post hoc P Ͻ 0.005 between DOX-treated B6 and BALB groups). These expression differences are observed before the development of proteinuria and histologic abnormalities that occur at days 5-7, suggesting the development of tissue injury and cell death are not responsible for blunted Prmt7 expression in BALB. These data are further confirmed in (BALB ϫ B6) F 1 ϫ BALB backcross mice (n ϭ 149; Fig. 4b ): by using Prmt7 expression as a quantitative phenotype, we performed a genome-wide analysis of linkage in the backcross and found strong evidence of linkage of Prmt7 expression to the DOXNPH locus on chromosome 16 (peak lod ϭ 12.4 at D16Mit34, 37% of variance explained; Fig. 3c) . Thus, Prmt7 expression in response to DOX injection is predicted by the genotype at the DOXNPH locus and serves as a marker for DOX nephropathy in this cross. We found no other loci significantly contributing to Prmt7 expression, including the murine Prmt7 locus on chromosome 8. We also measured the expression of Sdc4, another differentially expressed gene previously implicated in experimental nephropathy (21) , but found no linkage to the DOXNPH locus ( Fig. 3c ; maximum lod ϭ 0.3) or elsewhere in the genome in backcross mice. These data show multifactorial determination of Sdc4 expression and argue in favor of the specificity of the association of Prmt7 expression with DOX nephropathy.
The Severity of DOX Nephropathy Among Affected Mice Is Determined by a Modifier Locus on Chromosome 9. The large variation in phenotypic severity among affected (BALB ϫ B6) F 1 ϫ BALB backcross mice compared with inbred BALB mice implied additional genetic variance attributable to the existence of loci that modify the severity or progression of renal disease (Fig. 2  e and f ) . To identify these modifier loci, we performed a second genome screen in affected (BALB ϫ B6) F 1 ϫ BALB backcross mice, conditioning on the presence of the BALB͞BALB genotype at the DOXNPH locus. We compared the inheritance of each segment of each chromosome with the inheritance of quantitative renal disease phenotypes and found strong evidence for linkage across chromosome 9 with a peak lod score between D9Mit336 and D9Mit9 (positioned at 34 and 42.6 centimorgans on the Whitehead Institute linkage map, respectively). The total histology scores showed the strongest evidence of linkage (lod score 4.3; Fig. 3d) ; however, the linkage to this chromosome segment is robust to all other component histology scores and BUN (lod 2.1; Fig. 3d ). Based on published lod thresholds in a backcross, the histology score has genome-wide significance, whereas the score for BUN is suggestive. The lower lod score with BUN is explained by the finding that many severely affected mice with global glomerulosclerosis had moderately elevated BUN levels, likely secondary to poor oral intake. Permutations of phenotypes on genotypes to calculate genome-wide empiric thresholds (10,000 replicates) confirmed that the data for the total histology score are highly significant (P value ϭ 0.0018). Evaluation of the 95% confidence interval, determined by bootstrap resampling, localizes this trait locus to a 30-centimorgans interval (Ϸ52 Mb) delimited by D9Mit229 to D9Mit182. At this modifier locus, which we named DOXmod, homozygosity for BALB alleles confers Ϸ30% increase in the histology score. Secondary analyses did not reveal evidence for other loci modifying the progression of renal disease.
Discussion
Genetic factors are implicated in the development of nephropathy and susceptibility to cytotoxicity induced by chemotherapeutic agents (5, 22, 23) . Both of these traits are generally considered to have multifactorial determination, complicating efforts to distinguish contributions of single genes. Anthracycline-induced nephropathy represents an interesting and unusual combination of these phenotypes, revealing a unique vulnerability to anthracycline toxicity in renal podocytes of susceptible rodent strains and some humans (6) (7) (8) (9) (10) (11) (12) (13) . Prior data suggest that this trait is likely autonomous to the kidney: podocyte damage and glomerulosclerosis can be prevented by transient clipping of the renal artery during drug injection, suggesting that initial exposure to the anthracycline, rather than its metabolites, causes nephropathy (7, 14) . Moreover, interstrain and interspecies variations in drug levels do not correlate with susceptibility to nephrosis, further suggesting that variation in extrarenal drug metabolism is not a major contributor to renal injury (24, 25) . Because anthracyclines are naturally occurring antibiotic agents, we reasoned that this trait can serve as an excellent model for genetic investigation of podocyte susceptibility to environmental damage and that its elucidation would enable insight into pathways leading to nephropathy. We examined five inbred mouse strains and their F 1 hybrids, which disclosed clear contrasting susceptibilities. To our surprise, mapping crosses demonstrated that this widely studied model segregates as a Mendelian trait with recessive inheritance; a genome-wide search provided unequivocal evidence of linkage to the same segment of chromosome 16 in the two susceptible strains identified. Our linkage data can now be pursued by additional meiotic mapping to refine the trait locus before proceeding with further annotation and sequence analysis of positional candidates. Such positional cloning approaches may require production of thousands of mice (26) . However, recent data indicate that laboratory mice have few independent alleles, suggesting that traits mapped to the same interval in different strains can be identified by searching for shared chromosomal segments within the linkage interval (27) . Hence, the finding of linkage of DOX nephropathy to the same interval in BALB and 129 strains strongly suggests the presence of an ancestral mutation predisposing to this trait in the laboratory mouse and implies the feasibility of linkage disequilibrium mapping for prioritizing positional candidates and accelerating gene identification efforts.
We found that expression of Prmt7, a recently characterized member of the protein arginine methyltransferases is increased in mice protected from DOX nephropathy. Differences in Prmt7 expression precedes clinical or histologic evidence of renal disease in BALB, suggesting that this impaired up-regulation does not occur secondary to the development of kidney injury. Prmt7 response to DOX injection is strongly predicted by the genotype at the DOXNPH locus (lod ϭ 12.4), suggesting that Prmt7 may act downstream of the DOXNPH gene. However, this finding may still represent a secondary compensation without causal relationship. Thus, the mechanisms underlying the association between Prmt7 and DOX nephropathy remain to be established. Arginine methylation of proteins participates in many cellular processes such as protein-protein interaction, signal transduction, transcription, and RNA processing (28, 29) . Methylation of doxorubicin has also been reported to decrease its cytotoxic potential (30) , raising the possibility that direct methylation of doxorubicin by Prmt7 may mediate protection from kidney injury. The biological role and the natural substrate(s) for Prmt7 are yet unknown, but available data suggest that it is a type II methyltransferase (31, 32) . Prmt7 has conserved orthologs in many species, including Drosophila menalogaster and Caenorhabditis elegans, and was recently identified in a screen of genes conferring sensitivity to many DNA damaging agents, suggesting a role in cellular response to xenobiotics (20) . Interestingly, expression of Prmt5, the other known type II methyltransferase, is up-regulated in tubular epithelium in a model of ischemic renal injury (33) , further suggesting a role for these enzymes in nephropathy. The role of arginine methylation in DOX nephropathy will likely be better clarified with the identification of the DOXNPH gene.
Prior studies, including the original observations of DOX nephropathy among outbred rats, have suggested that the mechanisms of initiation of renal disease are distinct from those influencing progression (10) . Consistent with these data, we found that the development of nephrosis requires the presence of susceptibility alleles at DOXNPH, but the severity and progression of disease is further influenced by a modifier gene on chromosome 9. The effect of the DOXmod modifier was striking, resulting in nearly a 30% increase in the severity of renal injury in mice homozygous for BALB alleles. Interestingly, DOXmod overlaps completely with a progression locus in a murine model of Alport syndrome in which 129 alleles increase risk and B6 alleles confer protection against nephropathy (34) . In addition, DOXNPH is syntenic to a renal progression locus identified in a rat model of polycystic kidney disease (35) . This convergence of mapping data from three independent models raises the possibility that these loci may be identical and that DOXmod represents a progression locus for many forms of renal disease. The DOXmod interval is quite broad, requiring the development of congenic lines for further refinement. Nevertheless, the similarity in phenotypes between BALB, 129, and their F 1 hybrids suggest that they share the same susceptibility alleles at DOXmod and that efforts to identify this modifier gene may also benefit from sequence comparison across multiple strains.
In summary, our data suggest that genetic approaches in the DOX nephropathy model may significantly extend our understanding of the mechanisms of initiation and progression of renal disease. Because cells often use similar molecular defenses against xenobiotics, elucidation of this model may also provide insight into biological pathways relevant to anthracycline cardiotoxicity and multidrug resistance in cancer, the main clinical problems associated with the use of anthracyclines in humans. Finally, these data motivate a careful evaluation of rare patients who develop renal disease in association with anthracycline therapy because this presentation may be a manifestation of underlying genetic susceptibility.
